proteins are common in all known translocation machineries (Wickner and Schekman 2005) . The transport toward all cellular membranes depends on a specific signal within the precursor proteins (the proteins translocated across the membranes), which encodes for the organelle targeted and the assembly of cytosolic complexes (Rehling et al. 2004; Soll and Schleiff, 2004; Osborne et al. 2005) . The membrane-inserted receptor proteins are classified into two categories. One class recognizes the "cytosolic transporters" involved in precursor protein delivery, i.e. chaperones, whereas receptors belonging to the other class recognize the precursor protein itself (Wickner and Schekman 2005) . Interestingly, in the translocons at almost each membrane at least one receptor containing tetratricopeptide repeat motifs (TPR domain) is present. Such domains are composed of three helix bundles (I, II and III) with two helices (a, b) each. This domain is capped by a so-called solvation helix at the C-terminal end.
Introduction
Protein translocation across membranes perfomed by molecular machines known as translocons is a fundamental process for each cell. Receptors as part of these machines recognizing either folded (Xu and Massague 2004 , Erdmann and Schliebs 2005 , Robinson and Bolhuis 2001 or unfolded (Rehling et al. 2004 , Osborne et al. 2005 proteins are common in all known translocation machineries (Wickner and Schekman 2005) . The transport toward all cellular membranes depends on a specific signal within the precursor proteins (the proteins translocated across the membranes), which encodes for the organelle targeted and the assembly of cytosolic complexes (Rehling et al. 2004; Soll and Schleiff, 2004; Osborne et al. 2005) . The membrane-inserted receptor proteins are classified into two categories. One class recognizes the "cytosolic transporters" involved in precursor protein delivery, i.e. chaperones, whereas receptors belonging to the other class recognize the precursor protein itself (Wickner and Schekman 2005) . Interestingly, in the translocons at almost each membrane at least one receptor containing tetratricopeptide repeat motifs (TPR domain) is present. Such domains are composed of three helix bundles (I, II and III) with two helices (a, b) each. This domain is capped by a so-called solvation helix at the C-terminal end.
The TPR motifs were first identified in the nuclear protein ssn6 (Schultz et al. 1990 ), the chromatin associated replication protein CDC23 (Sikorski et al. 1990 ) and the protein required for mitotic chromosome disjunction, nuc2+ (Hirano et al. 1990 ). In recent years the list of proteins carrying a TPR domain has grown steadily (Goebl and Yanagida 1991; Lamb et al. 1995; D'Andrea and Regan 2003) .
In the translocons, the mitochondrial receptors Tom20 (Haucke et al. 1996) , Tom70 (Haucke et al. 1996; Young et al. 2003) and Tom34 (Nutall et al. 1997; Young et al. 1998; Chewawiwat et al. 1999; Yang and Weiner 2002) , the peroxisomal receptor Pex5 (Gatto et al. 2000 ; Kumar et al. 2001) , the component of the translocon of the endoplasmic reticulum Sec72 (Feldheim and Schekman, 1994; Ponting 2000) and the chloroplast translocon component Toc64 (Sohrt and Soll 2000) contain TPR domains. Tom70, Tom34 and Toc64 contain a specific form of the TPR domain, namely a dicarboxylate clamp type TPR domain, which was first found in the Hsp70/Hsp90-organizing protein Hop (Scheufler et al. 2000) .
Hop contains three TPR domains (HopTPR1, HopTPR2a, HopTPR2b), which are structurally (with the exception of HopTPR2b) and functionally analyzed (Scheufler et al. 2000) .
HopTPR1 recognizes Hsp70, HopTPR2a interacts with Hsp90 and HopTPR2b is proposed to influence the kinetics of Hsp70-Hop-Hsp90 complex formation (Brinker et al. 2002) .
Like in Hop (Brinker et al. 2002) , the clamp type domain of Tom70 and Toc64 recognizes the C-terminus of chaperones Fan et al. 2006; Qbadou et al. 2006) . In contrast, the TPR domain of Pex5 recognizes the C-terminal peroxisomal targeting signal 1 of the precursor protein (Gatto et al. 2000) . The interaction partner of Sec72 has not been identified yet, even though the association with a protein of unknown function, encoded by YLR301w, was reported (Willer et al. 2003) . For Pex5 (Erdmann and Schliebs 2005) as well as Tom34 (Yang and Weiner 2002) a cytosolic localization was suggested. Based on yeast two-hybrid experiments an interaction of Tom34 with two ATPase-related proteins ATP6M
and VCP was reported (Yang and Weiner 2002) . Additionally, an interaction between one of the TPR domains of Tom34 and Hsp90 was observed (Young et al. 1998) . Thus, the exact function of Tom34 in protein translocation remains elusive.
Hence, having a TPR domain containing receptor in each of the translocons of the different membrane systems raises the question, if and how the translocase subunits containing a TPR domain evolved from a common ancestor. To this end, the analysis of the occurrence of these domains might be used as a tool to understand the evolution of translocation systems per se.
We therefore analyzed the TPR domains of the five receptor families (Tom70, Tom34, Pex5, Sec72, and Toc64) putatively involved in protein translocation with respect to their relation to each other. To assign possible functional properties we compared their TPR domains with TPR domains from chaperone-organizing proteins of the Hop family, and with other cochaperones. The consequences of our results for the functional and phylogenetic understanding of the TPR domains and the TPR domain containing receptor proteins are discussed.
Materials and Methods

Sequence selection
Sequences were collected by BLAST and the relation to the seed sequence was controlled by a reversed BLAST (http://www.ncbi.nlm.nih.gov; Altschul et al. 1997 ). More specifically, Toc64 from Pisum sativum (Sohrt and Soll 2000) , Sec72 from Saccharomyces cerevisiae (Feldheim and Schekman 1994) , Pex5 from Homo sapiens (Dodt et al. 1995) and S. cerevisiae (van der Leij et al. 1993) , Tom70 from S. cerevisiae (Hase et al. 1983) and Tom34 from H. sapiens (Nuttall et al. 1997) , Hop from H. sapiens (Honore et al. 1992) and S. cerevisiae (Nicolet and Craig 1989) served as initial query sequences. In addition, sequences were downloaded from http://www.jgi.doe.gov/. These sequences were produced by the US Department of Energy Joint Genome Institute. To extract TPR domains we used previous assignments of the TPR domains for hsHop (Scheufler et al. 2000) , hsPex5 (Gatto et al. 2000) , scSec72 (Ponting 2000) and hsTom70 . From Pex5 TPR motif 1-3 (here termed domain 1) and TPR motif 5-7 (here termed domain 2) were excised. The TPR domain of Toc64 or Tom34 was assigned according to alignments to hsTom70 and hsHop, respectively (Young et al. 1998 , Qbadou et al. 2006 ). In addition, we dissected the TPRs of Hop into TPR1, TPR2a and TPR2b.
Tree reconstruction
Sequences were aligned with the program MAFFT (Katoh et al. 2005 ) version 5.861, resulting in multiple sequence alignments for Hop, Toc64, Tom34, Tom70, Pex5, and Sec72 family. The alignments were split in the sub-alignments containing the TPR domains and the rest. Thus we obtained for each receptor a nonTPR sub-alignment and one to three TPR alignments, respectively (see also Table 1 ). Moreover, we created a sequence alignment from all TPR sequences. IQPNNI (Vinh and von Haeseler 2004) was used to reconstruct a maximum likelihood phylogeny, assuming the WAG model (Whelan and Goldman 2001) and constant rates across sites (supp. Figure 1 ).
Comparative analysis of the TPR and nonTPR domains
To compare differences in the tree length (Minh et al. 2006 ) between the nonTPR and corresponding TPR domains we used a simulation. The sites of the full alignment were permuted to generate 1,000 alignments. From each alignment we extracted the two subalignments, where the length of the first alignment equals that of the TPR alignment and the length of the second alignment equals that of the corresponding nonTPR domain. We use the tree topology of the full alignment to compute the tree length for the random TPR and nonTPR alignments with IQPNNI (Vinh and von Haeseler 2004) . Finally, we computed the tree length of the TPR domain and the nonTPR domain of the original data.
Homology Modeling
The Phyre server (http://www.sbg.bio.ic.ac.uk/~phyre/), the successor of 3DPSSM (Kelley et al. 2000) , was used to find suitable templates for modeling of Sec72. The crystal structure of bovine cyclophilin 40 (1IHG; Taylor et al. 2001 ) was selected as a template for modeling the TPR domain of Sec72 with Modeller (Sali and Blundell 1993; Fiser et al. 2000) v8.2. The homology model was refined with Yasara's Yamber2 forcefield (www.yasara.org; Krieger et al. 2004) .
Results
Phylogenetic analysis of the TPR domain containing proteins involved in protein translocation
We have screened the databases for homologous sequences to the five known proteins containing a TPR domain involved in protein translocation. Interestingly, Sec72 homologues were only identified in fungi ( Figure 1a ). Toc64 is only found in plant species (Figure 1b ).
Tom70 homologues were not found in the group of green plants (Figure 2a ), which is in accordance with the fact that an isoform of Toc64 functionally replaces Tom70 in plant mitochondria (Chew et al. 2004 ). In turn, Tom34, containing two TPR domains connected by a conserved linker, was only found in higher metazoa (Figure 2b) . Therefore, the Pex5 receptor family is the only one identified in all eukaryotic species (Figure 2c ). In addition to the proteins involved in protein translocation across membranes, the protein family organizing Hsp70/90 interactions (Hop) was studied. However, we included in our analysis only sequences of Hop homologues containing the three TPR domains.
First, we analyzed the phylogenetic relation of sequences encoding for (putative) receptor proteins involved in protein translocation (Figures 1, 2 , and supp. Next we excised the TPR domains from the receptor proteins or Hop sequences (see Methods), and inferred their phylogeny. We aimed to determine, how the described interaction of the TPR domain with other proteins affected their evolutionary history. Again, the trees inferred from the TPR domains agree by and large with the trees of the entire receptor sequences (Figure 1, supp. Figure 1) . Comparing the total amount of evolution as measured by the tree length substantial differences are observed. Table 1 displays the tree length for the entire sequences, the TPR domains and the nonTPR sequences. A nonTPR sequence in this respect covers the remaining sequence despite the here analyzed TPR domain and might thereby include other non clamp type TPR domains as in case of Tom70. The TPR domain trees are consistently shorter than the entire and the nonTPR trees. Thus, evolution is more conserved in the TPR domain. To statistically support the observation, we permuted the sites of the alignment. For each permutated alignment we computed the tree length of the sequence regions assigned as TPR domain and nonTPR, respectively. This approach warrants that the underlying tree topology remains constant, whereas the tree lengths of the subalignments, i.e. the random alignment columns assigned to the TPR region, change due to the permutation of the full alignment. Figure 3 displays the resulting random tree lengths distributions for the six receptor protein families. To facilitate a comparison of the different TPR domains, the tree lengths of the randomized alignments were normalized by the corresponding lengths from the original alignments. Thus the data points are always located at the coordinate (1.0, 1.0).
For 8 out of 10 TPR domains (except Sec72 and HopTPR1) the permutations always lead to longer TPR and shorter nonTPR tree length, as indicated by the location of the simulated distributions. Furthermore, the probability to observe the original tree lengths in the simulated distribution is well below the five percent level for all receptor proteins. For example, the random tree lengths of the TPR domain of Toc64 are 1.16 to 1.91 times longer than the undisturbed domain. Similarly, we observe a 1.03 to 1.16 times reduction in tree length for the nonTPR region, when compared to the original sequence ( Figure 3 ). In summary, the reduced evolutionary rate of the TPR domain as compared to the nonTPR region is significant and a hallmark of the evolutionary constraints acting on TPR domains.
The general phylogeny of the TPR domains
The current functional models for Tom34 (Young et al. 1998 ), Tom70 and Toc64 (Qbadou et al. 2006) suggest that their TPR domain recognizes chaperones bound to the precursor protein rather than the targeted precursor protein itself. In turn, Pex5 directly recognizes the C-terminal portion of the incoming precursor (Erdmann and Schliebs 2005) .
We investigated, how these functional differences are reflected by the phylogeny of TPR domains. To this end, we inferred a maximum likelihood phylogenetic tree with 570 sequences of TPR domains of proteins either involved in protein translocation across membranes or in organization of chaperone complexes. mt -mitochondria -, Toc64). However, also Hip, containing a non clamp type TPR domain interacting with Hsc70 (Hohfeld et al. 1995 ) is part of this subtree and forms its basis. The dark-gray subtree is composed of the Hsp90-interacting TPR domain of Hop (Figure 4 , darkgray) and the TPR domain of Chip, initially identified as an Hsp70-binding protein (Ballinger et al. 1999) . The clustering of ChipTPR with Hop2a supports observations of an interaction between Chip and Hsp90 (Connell et al. 2001 ). Hop1, Hop2b, Sec72TPR and SGT-TPR form the fourth group. The branching of Hop2b with the Hsp70-recognizing Hop1 is in line with recent results indicating an Hsp70-Hop2b interaction (Carrigan et al. 2004 , Flom et al. 2007 ).
Remarkably, the Sec72TPR domain clusters together with the Hsp70-recognizing TPR domains of Hop (Hop1, Hop2b) and SGT (Angeletti et al. 2002) . In more detail, Sec72TPR groups with Hop1 of metazoa. This might point to an appearance of Sec72 after metazoa and fungi split roughly 965 Ma ago (Doolittle et al. 1996) . Hence it might have emerged from an ancestor of Hop found at present in metazoa and fungi. Furthermore, the Sec72TPR sequences from Saccharomycetales are split into two subgroups. One subgroup contains a conserved clamp TPR domain, whereas the other one does not. We observed a larger distance of the non clamp type Sec72TPR domains from the Hop TPRs than for the clamp type TPR domains Obviously, all three conclusions have to be supported by additional experiments.
Discussion
The TPR domain containing receptors
The analyzed TPR domains of the receptor proteins involved in precursor protein translocation participate in three types of interactions. First, they recognize precursor proteins, for which the most relevant experimental data are based on the crystal structure of Pex5 (Gatto et al. 2000; Erdmann and Schliebs 2005) . The second and third type of interaction is the recognition of the chaperones Hsp70 or Hsp90, respectively. Here, experimental data are available for Tom34 (Young et al. 1998 ), Tom70 Fan et al. 2006 ) and Toc64 (Qbadou et al. 2006) . However, the protein, studied best, is Hop recognizing both, Hsp90 and Hsp70 (Young et al. 2004 ).
We analyzed the phylogenetic relationship of receptor units of the different translocons containing a TPR domain. A comparison of the trees inferred from TPR and nonTPR regions revealed that the TPR domains evolved significantly slower than the remaining sequence (Table 1, Figure 1-3) . This can be explained as follows. The interactions of proteins with other components are also reflected in the selection acting on them. It was observed that the higher the number of interactions a protein has with other molecules, the slower it evolves.
Proteins that act in complexes are on average more constrained than others (Aris-Brosou 2005). We observe the same but on a sub-sequence level, which documents that the TPR domain of the proteins investigated is the major module for protein interaction within the sequence. Additionally, analyzing the TPR motifs themselves, a similar result was obtained for the concave ligand-binding surface and the opposite convex surface of the TPR domain. Regan (2004, 2005) observed while analyzing all known TPR sequences that the convex surface evolves randomly, whereas the concave surface with respect to constrains enforced by the ligands.
However, for Toc64, Tom70, Sec72 and Tom34 the difference between TPR and nonTPR domain evolution is not as drastic as seen for Pex5 (Figure 3 , Table 1 ). This might be explained by a further limitation of the acceptance of evolutionary changes within the TPR domains of Pex5 by their co-action or as a result of the different substrates (PTS1 signal containing proteins). The PTS1 signals are defined by a C-terminal canonical sequence of only 3 amino acids (SKL; e.g. Lazarow 2003) . Analysis of the crystal structure of Pex5 (1FCH; Gatto et al. 2000) shows that the N-terminal TPR domain (Pex5 TPR1) contributes roughly half as many amino acids as Pex5-TPR2 to bind the C-terminal PTS1 signal of the substrate. This is reflected by a shorter tree length of the Pex5 TPR2 tree, if compared to the tree length of the Pex5 TPR1 tree (Table 1, Figure 3 ), again supporting, that substrate recognition is the dominating evolutionary constraint.
The Toc64 family -Recently, three isoforms of Toc64 were described (Jackson-Constan and Keegstra 2001; Chew et al. 2004) . Whereas the first isoform was identified to behave as a typical amidase (Pollmann et al. 2003; Pollmann et al. 2006) , the second isoform is a chloroplastic import receptor (Toc64-III; Chew et al. 2004 ) and the third is a mitochondrial localized import receptor (Toc64-V; Chew et al. 2004; Chan et al. 2006 ). The distinct localizations in different membranes and therefore, the assembly with different interaction partners of the latter two isoforms enforced different developments resulting in a separate clustering of the mitochondrial and plastidic sequences (Figure 1, 4) . This separation was obtained for the entire sequence as well as for the TPR domain only. Within a subtree, the phylogeny represents the expected species tree (compare left tree in Figure 1b to the others).
Thus, we can assign a putative localization of protein sequences from EST projects (supp. Figure 1 ) based on their clustering with already characterized proteins.
Functional consequences for Tom34 and Sec72 -We aimed to define possible functions of the two remaining receptors Sec72 (Feldheim and Schekman 1994; Ponting 2000) and Tom34 (Nuttall et al. 1997; Young et al. 1998; Chewawiwat et al. 1999; Yang and Weiner 2002) . In the phylogenetic tree the sequences of the TPR domains of both protein families cluster with the sequences carrying the Hop motifs, but not with that of precursor protein recognizing Pex5 (Figure 4, white) . The C-terminal TPR domain of Tom34 (TPR2) branches with the Hsp90-recognizing CYP40 and FKBP51/52 (Figure 4, black) . This branching is experimentally supported, because the C-terminal TPR domain of Tom34 was found to interact with Hsp90 (Young et al. 1998) . The N-terminal TPR domain of Tom34 (TPR1) clusters together with Toc64 and Tom70 suggesting an interaction with Hsp90 as well. Hence, the presence of Tom34, another Hsp90-recognizing protein, points to a higher degree of regulation of mitochondrial protein translocation in Euteleostomi than in e.g. fungi.
The TPR domain of Sec72 shows features of the Hsp70-recognizing HopTPR1, as indicated by the clustering with the HopTPR1 of metazoa (Figure 4) . Hence, Sec72 might function as a cytosolically exposed (Willer et al. 2003 ) Hsp70-recognizing element of the Sec translocon.
To further support a putative Hsp70 recognition by Sec72 we extracted alignments of Hsp90-(FKBP51/52, Cyp40, Hop2a) and Hsp70-recognizing (Hop1, SGT) TPR domains from the alignment used for calculating the "global" phylogenetic tree (Figure 4 ). We composed a combined profile (a matrix of the frequency) of each amino acid to occur in Hsp70-or Hsp90-binding TPR domains by subtracting the Hsp70-binding TPR profile from that of the Hsp90-binding TPRs. This matrix was superimposed (supp. Materials and supp. (Carrello et al. 2004) . At position 69 in scSec72 either a phenylalanine or tyrosine is present in roughly two thirds of the sequences. Although these amino acids at this position are typical for Hsp90-binding properties, it could be shown for Cyp40 that this position is more important for Hsp70 than Hsp90 interaction in vitro (Carrello et al. 2004) . By this, the positioning of the amino acids specific for the Hsp70-or Hsp90-recognizing TPR within the Sec72TPR motif further supports an Hsp70 interaction ( Figure 5 ).
Receptor like molecules in lower eukaryotes -We also obtained sequences without functional assignment but homology to Tom34 in the cryptophyte Guillardia theta, the heterokontophyte Phaeodactylum tricornutum and the ciliate Nythotherus ovalis. This was rather surprising since Tom34 was neither identified in fungi, protostomia nor plants. However, TMHMM (Krogh et al. 2001 ) identified two transmembrane helices at the N-terminus of the G. theta EST. The N-terminal transmembrane region might function as a signal sequence. The presence of a second transmembrane helix suggests a relation to the Toc64 family, because it was shown that Toc64 contains a transmembrane helix just before the TPR domain (Qbadou et al. 2007 ), whereas Tom34 is a soluble receptor (Chewawiwat et al. 1999) . The TPR domain of the ciliate protein clusters with the C-terminal TPR domain of Tom34 and is thereby of a different type as gtTPR. The N-terminal TPR domain of the P. tricornutum protein pt49004 and the second TPR domain of pt52376 group with Tom34TPR1 (Figure 4) . The first TPR of pt52376 groups with the Hsp70-binding TPR domains of Hop (Figure 4) . Therefore, we propose that these proteins are indeed involved in recognition of Hsp90 with the exception of pt52376, which might recognize both chaperones. However, the precise function in protein translocation -whether mitochondrial or chloroplastic -will have to be established in future.
A hypothesis on the history of Hsp-recognizing TPRs in protein translocation
Our analysis suggests a gradual evolution of the TPR-containing import receptors possibly from a pre-existing fold (Södling and Lupas, 2003) . Apparently, they did not evolve altogether and immediately around the time when the endosymbiosis between an α-proteobacterium and the supposably eukaryotic cell took place (Figure 6 , "eukaryotic cell").
Thus, our analysis supports the theoretical considerations of Cavalier-Smith (2006) that Tom70 has evolved after the genes encoding for small Tim proteins were transferred into the nuclear genome. We suggest that the TPR domain containing proteins involved in protein translocation evolved several times independently, which is in line with the previous report on mitochondrial TPR containing receptors (Chan et al. 2006 ). Hence, we propose that thirdly the TPR domain containing proteins identified in a cryptophyte and a heterokontophyte (sequences with homology to Tom34 in G. theta and P. tricornutum) and in a ciliate (sequence with homology to Tom34, N. ovalis) have evolved independently of the receptor proteins found in plants or metazoa/fungi. This conclusion is supported by the observation that gtTPR matches to Tom34TPR1 and has N-terminally a signal sequence and a transmembrane α-helix not present in Tom34 (TMHMM (Krogh et al. 2001 ) not shown). In turn, Tom70 contains an N-terminal transmembrane α-helix (Hase et al. 1984 ) but does not show a significant homology to gtTPR and the spacing between clamp type TPR and transmembrane α-helix within the sequence is significantly different.
Furthermore, the partial Tom34 sequence found in N. ovalis shows a high similarity to Tom34TPR2 and only a very weak similarity to TPR1. The sequences found in P. tricornutum show a domain structure like Tom70 (pt49004) or Tom34 (pt52376). However, the phylogenetic analysis revealed a closer relationship of the TPR from pt49004 to Tom34TPR1 and the first TPR domain from pt52376 is more alike the Hsp70-binding TPRs of Hop. All together, the relation of the TPR domain containing proteins of lower eukaryotes to Tom34 might indicate that they evolved independently.
Fourth, Toc64 is the TPR domain containing import receptor on the plastidic and mitochondrial outer membrane (Chew et al. 2004) . Hence, it is tempting to speculate that this receptor evolved after the second endosymbiosis between a mitochondria-containing host and a cyanobacterium. This idea is further supported by the absence of a similar receptor in red algae (McFadden 2004) . The dual localization of Toc64 in both mitochondria and chloroplasts (Chew et al. 2004 ) and the absence of Tom70 in plants might suggest that Tom70 was absent at the time of the second endosymbiosis, even though a loss of this gene can not be excluded to date.
Fifth, Sec72 represents an Hsp70-recognizing element only, which clearly branches with the HopTPR1 of the same function. Hence, Sec72 might represent a Hop protein after the loss of the other two TPR domains. In this context it is interesting to note that fungi, besides having developed Sec72 during evolution, seem to have lost Hip (Figure 6 , "-Hip").
Sixth, Pex5 might be the receptor involved in protein import that was evolved first as it can be found in lower eukaryotes as well. However, this protein is not the ancestor of the others (Figure 4, 6 
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